Abstract Magnesium ferrite MgFe 2 O 4 was synthesized with two different methods, spark plasma sintering (SPS) and conventional solid-state reaction sintering (SSRS), and thermoelectric properties were investigated. SPS processing was found to yield two attractive features: SPS at 900°C enabled retaining the submicron particle size of 0.3-0.5 lm from ball-milling, leading to lower thermal conductivity, 3 W/mK@300 K. 1200°C SPS sintering led to the same sample grain size of 1.0-3.0 lm as SSRS, but still exhibited significantly lower thermal conductivity of 4.3 W/mK@300 K compared to the SSRS sample with 14 W/mK@300 K, which exhibited neck formation between particles. Furthermore, while the finer microstructuring led to a reduction in the thermal conductivity, the resistivity of SPS MgFe 2 O 4 showed little dependence on the particle size at expected thermoelectric working temperatures above 523 K, which indicates success to some degree of phonon selective scattering due to differences in mean-free-paths of electrons and phonons. As a process, SPS samples are found to exhibit four-to sevenfold enhancement of ZT compared to the conventional SSRS sample. While the maximum ZT in the present samples is relatively low, taking a value of 0.07 for the SPS 1200°C sintered sample, the processing insights may be utilized for similar systems.
Introduction
Thermoelectric materials have attracted interest because of the potential large benefits of solid-state conversion of waste heat to electricity [1] [2] [3] [4] . Some impactful high-temperature thermoelectric applications have recently been reviewed [5] . For very high temperatures, applicable materials will naturally be limited to refractory materials with good heat resistance, like borides [6] [7] [8] and oxides [9] [10] [11] [12] , etc. The material system of spinel-type oxide exists for a wide range of constituent elements, and various chemical and physical properties have been studied [13] [14] [15] [16] [17] . Our initial motivation to focus particularly on the spinel-type magnesium ferrites is because its magnetic properties have been extensively studied [13, 14] , and we are interested in the link between magnetism (magnetic semiconductors) and thermoelectric properties due to our previous work in chalcopyrite, where thermoelectric enhancement was indicated [18] [19] [20] . It is also a system where the crystal structure is well-characterized in a wide temperature range, and a system with good thermal stability and sintering characteristics, and in the present work we tried to learn more about processing effects on its thermoelectric properties.
The performance of thermoelectric materials is gauged by the figure of merit:
where T is the temperature, a is the Seebeck coefficient, r is the electrical conductivity, and j is the thermal conductivity. The denominator a 2 ÁrÁ is the power factor. There are some difficulties to straightforwardly obtain high values of ZT because of the typical tradeoff between Seebeck coefficient and electrical conductivity, and conducting electricity well but not heat is also somewhat paradoxical.
In regards to the latter problem, different methods of nanostructuring have been shown to be quite effective to lower the lattice thermal conductivity and enhance ZT [21] [22] [23] [24] [25] [26] [27] [28] . Nanostructuring of oxides has been actively carried out [29] [30] [31] . Finding ways to enhance the power factor is still a large challenge [32] . Various band engineering methods have been proposed, such as utilization of confinement effects [33] , resonance levels [34] , modulation doping [35, 36] , etc. As a more phenomenological and easily accessible enhancement effect compared to band engineering, large enhancements in the power factor have been reported for nanocomposites [37] [38] [39] [40] [41] , with mechanisms not fully elucidated. Recently, enhancement has also been proposed for magnetic semiconductors [18] [19] [20] .
In this work, we have investigated the effect on the thermoelectric properties of magnetic magnesium ferrites synthesized with different conditions to add more insight into this field.
Experiment
In situ reactive synthesis of MgFe 2 O 4 was performed using spark plasma sintering (SPS, FUJI DENPA KOKI SPS-1080). The starting materials MgO (99.9%, Wako Pure Chemical Industries Ltd.) and Fe 2 O 3 (99.9%, Wako Pure Chemical Industries Ltd.) were mixed with a nominal composition of MgFe 2 O 4 using planetary ball-milling with chromium iron media. The powder mixtures were pulverized for 3 h in helium atmosphere. In order to measure thermoelectric properties, samples were prepared by pressing at 60 MPa for 3 min at 900-1200°C in argon atmosphere using SPS. Prior to the sintering, the powder mixtures were put into graphite dies with diameters of 10 mm, and with graphite foil inserted between the sample and the die/punches. The heating rate for the SPS experiments in the graphite die was limited to 100°C min -1 . The die was wrapped in carbon felt when heating up to 1200°C. For comparison of the thermoelectric properties of the sample prepared with SPS and standard ceramic procedure, a conventional oxide sample was prepared with solid-state reaction sintering (SSRS) at 1200°C for 12 h in air using a green pellet uniaxially pressed at 7.4 MPa for 1 min. In addition, we prepared the oxygen defect-rich sample by heating a green pellet set into a carbon crucible at 1200°C for 12 h with an induction furnace (IF) in order to examine the effect of oxygen vacancies on thermoelectric properties. Then, the sample was pulverized in an agate mortar and pressed at 80 MPa for 5 min at 900°C in argon atmosphere with SPS.
The constitution phases in the pulverized samples were analyzed by X-ray powder diffraction measurement with CuKa radiation (RIGAKU RINT-ULTIMA 3) operated at 40 kV and 40 mA. The detailed crystal structure and site occupancies at cation sites were determined by means of Rietveld refinement using Rietan-FP software [42] . Microstructural observation was carried out by a scanning electrical microscope (JEOL SM-67F, operated at 10 kV). Resistivity and thermoelectric power were measured with a TE measurement system (ULVAC ZEM-2) by using fourprobe method and differential method, respectively. In order to determine the thermal conductivity, high-temperature thermal diffusivity coefficient and specific heat were measured by a laser flash method (ULVAC TC-7000) and a differential scanning calorimetry (Rigaku Thermo plus EVO 2), respectively. . Cation distribution at the tetragonal A-site in SPS samples are slightly disordered due to the higher cooling velocities compared to the SSRS sample. These values have relatively good agreement with previous research, which yielded cation distribution for [43] . The B-site occupancy ratio of Fe 3? to Mg 2? is found to be an average 6:4 in this study.
Results and discussion
Typically, the thermoelectric performance strongly depends on the particle morphology and density. Here, we compare the microstructures of fracture surfaces of sintered samples. The SEM images for each sample are shown in Fig. 3 . The averaged particle size in the samples prepared with (a) SSRS and (b) SPS at 1200°C is approximately 1.0-3.0 lm; there are no differences in the particle size. On the other hand, the neck formation between particles is clearly observed only in the SSRS sample. Hence, we consider the contribution of the particle morphology to thermoelectric properties in these samples in the following section. In the sample prepared with SPS at 900°C (Fig. 3c) , the particle size is approximately 0.3-0.5 lm. This value is similar to that of the starting powder mixture after planetary ball-milling (Fig. 3d) , which indicates the effectiveness of the SPS treatment. As shown in our SEM images, the amazing short sintering time with SPS makes it possible to restrict the grain growth while achieving high sample density. Table 1 shows the synthesis conditions, relative densities, particle sizes, refined lattice constants, and detected impurity. The relative densities of the samples prepared with SSRS and SPS are about 90%. The sample prepared with IF-SPS, however, has lower relative density (*78%) compared with that of SSRS and SPS samples. This is attributed to the coarse particles formed during the heating at 1200°C in IF. The particle size of IF-SPS sample seems to be almost the same with that of SSRS and SPS samples prepared at 1200°C (Fig. 4) . 
Thermoelectric properties
The temperature dependence of the electrical resistivity is given in Fig. 5a . In the entire temperature range, the resistivity of all samples decreases with increasing temperature, which indicates the typical semiconducting behavior. The samples prepared with SPS exhibit more than two orders of magnitude lower resistivity than that of the sample prepared with SSRS, indicating the significant influence of the SPS process. The SPS sample prepared at 1200°C exhibits drastically lower resistivity compared to the sample prepared with SSRS despite similar particle sizes, indicating improved, more conducting interfaces at the grain boundaries for the SPS sample. Among the samples prepared with SPS, although the sample prepared at 900°C shows finer particles (larger amount of grain boundaries) compared with the sample prepared at 1200°C, the resistivities of both samples are almost the same above 523 K. Considering the differences in thermal conductivity which will be discussed next, this indicates success to some degree of phonon selective scattering due to differences in mean-free-paths of electrons and phonons. Namely, the differences in particle size of 1.0-3.0 and Furthermore, in general, grain boundary scattering has larger effect on the electrical conductivity at lower temperatures [29] , which is consistent with what is observed. In the IF-SPS sample, the resistivity is an order of magnitude lower than that of the SPS sample at 373 K. The resistivities of all samples converge with elevating temperature. In this study, the IF-SPS sample, which contains significant oxygen defects, exhibits the lowest resistivity in spite of its low relative density. In ferrite, the electrical resistivity is due to the electron hopping Fe 2? $Fe 3? of the spinel structure; high content of Fe 2? ions is responsible for low resistivity [44] . In addition, Nozaki et al. reported that the electrical and thermal conductivity of spinel structure could be controlled separately by changing the cation distribution of the tetrahedral A-and octahedral B-site, respectively [45] . In this research, the inducing of excess oxygen vacancies into the spinel structure appears to cause the valence modification from Fe 3? to Fe 2? , mainly at A-site due to site-preference of the cation [46] , which leads to the enhancement of the electrical conductivity.
The temperature dependence of the Seebeck coefficients is given in Fig. 5b . All samples exhibit n-type behavior. Based on the dependence of the Seebeck coefficient on the carrier concentration, the SSRS sample exhibits the highest value, conceivably due to the high resistivity as shown in Fig. 5a . Among the samples prepared with SPS, the sample prepared at 1200°C exhibits a slightly larger Seebeck coefficient than that of the sample prepared at 900°C. The IF-SPS sample exhibits the minimum value, which corresponds to its high electrical conductivity indicated to originate from significant oxygen defects, as discussed above. The Seebeck coefficients of all samples decrease from 373 to 523 K, but suddenly exhibit a change in their temperature dependence at around 523 K, corresponding to the magnetic phase transition between the ferrimagnetic phase and paramagnetic phase (Curie point: T Curie ). The Seebeck coefficient increases above the T Curie averaged -20 l V/K among the samples prepared with SPS. This enhancement of Seebeck coefficient due to the spin entropy from the varying Fe 2? and Fe 3? cations in the paramagnetic region was experimentally and mathematically explained by Nozaki et al. [45] . This is similar to the mechanism of enhancement found in sodium cobaltite [9] .
Based on an empirical equation of MgFe 2 O 4 with the temperature of equilibration reported by Harrison and Putnis [47] , the calculated T Curie is given as 549 and 576 K on the basis of our sintering temperature of 1200 and 900°C, respectively: T Curie = 489.186 -0.296-T ? 0.00009875T 2 , where T is equilibration temperature. In comparison to the value calculated with sintering temperature in the case of the SPS samples, T Curie obtained from temperature dependence change in the Seebeck coefficient seems to be lower and the graph peak indicating T Curie became broader than SSRS sample, especially in the IF-SPS sample which includes excessive oxygen defects, and there appears to be no difference of T Curie between SPS samples. Harrison and Putnis reported the strong dependence of T Curie of MgFe 2 O 4 on the thermal treatment, stoichiometry and intracrystalline distribution of Fe 3? and Mg 2? cations using measurements of alternating-field magnetic susceptibility of samples quenched directly from furnace into water [47] . However, the relationship between T Curie and expected defects formed by quenching was not pointed out. This process might lead to valence modification of the cations. We find that it is indicated that the obtained T Curie of spinel structure appears to depend on the amount of defects, namely oxygen vacancies, induced by SPS process. As noted above, the samples prepared with SPS at 1200 and 900°C clearly indicate the maximum peak value of Seebeck coefficient at 523 K. The IF-SPS sample, which is indicated to include excessive defects as discussed above from the resistivity results (Fig. 5a ), exhibits the broadened peak shift of T Curie to lower temperature.
The temperature dependence of the power factor is given in Fig. 5c . In the temperature range of 373-853 K, the IF-SPS sample exhibits the highest power factor because of its low resistivity. At 973 K, the maximum power factor is obtained for the sample prepared with SPS at 1200°C.
The temperature dependence of the thermal conductivity is given in Fig. 6 . The thermal conductivity of the sample prepared with SSRS is the highest value below 673 K. Among the SPS samples, the thermal conductivity of the sample prepared at 900°C is about a half of that of the sample prepared at 1200°C. It is indicated that fine grains effectively scatter the phonons at the grain boundaries, leading to lower thermal conductivity. In contrast, the thermal conductivity of the IF-SPS sample increases with elevating temperature and becomes the highest value at 993 K. Although the particle size in the samples prepared at 1200°C with SSRS and SPS is almost same, SSRS sample exhibits much higher thermal conductivity due to the neck formation between particles, which indicates the effectiveness of the SPS treatment. In addition to this, the induced oxygen vacancies possibly led to additional phonon scattering and increased electron concentration as well. In the entire temperature range, the SPS samples, especially the IF-SPS sample, achieve much higher electrical conductivity and lower thermal conductivity compared to the sample prepared with conventional SSRS method. In this research, the relative density of the samples varies from 78 to 91%. This porosity variation can significantly compromise the comparison of the thermoelectric properties of these samples. Therefore, the thermal conductivity was corrected for porosity by calculating the thermal conductivity at the theoretical density, j 0 , using the following equation:
where j and P are the measured thermal conductivity and the porosity, respectively [48, 49] . The thermal conductivity values corrected for porosity were plotted in Fig. 7 . The corrected thermal conductivity, j 0 , indicated almost the same tendency shown in Fig. 6 . In this research, the influence of the oxygen-defect on the thermoelectric properties of magnesium ferrite was discussed. However, to quantitatively determine the effects of oxygen vacancy with the present research is difficult because it is impossible to detect the oxygen vacancies and the small difference between the atomic scattering factors of Fe 2? and Fe 3? ions by conventional XRD analysis.
Moreover, the significant cation disorder of MgFe 2 O 4 at high temperature (above 581°C determined from in situ synchrotron X-ray powder-diffraction data [50] ) also makes it difficult to determine the accurate crystal structure of oxygen-deficient MgFe 2 O 4 . To clarify in detail the attractiveness of the SPS treatment for spinel-type thermoelectric materials, further detailed research for quantitative analysis on the effect of oxygen-defects on the thermoelectric properties is required. The temperature dependence of the dimensionless figure of merit, ZT, is given in Fig. 8 . As a result of the thermoelectric properties of oxygen-deficient MgFe 2 O 4 , the IF-SPS sample including excessive oxygen vacancies exhibits the highest ZT value at 373-673 K. In the temperature range of 873-993 K, the SPS sample sintered at 1200°C exhibits the highest ZT value. Although the absolute maximum value is not high with ZT = 0.007, the SPS samples exhibit a four-to sevenfold enhancement compared to the SSRS sample because of lower electrical resistivities and thermal conductivities.
Conclusion
Magnesium ferrite MgFe 2 O 4 was synthesized with two different methods, spark plasma sintering (SPS) and conventional solid-state reaction sintering (SSRS), and the thermoelectric properties investigated. SPS processing was found to yield two attractive features. SPS at 900°C enabled retaining the submicron particle size of 0.3-0.5 lm from ball-milling, leading to lower thermal conductivity. While 1200°C SPS sintering led to the same grain size of 1.0-3.0 lm as SSRS, it still exhibited lower thermal conductivity due to the neck formation between particles with SSRS. Furthermore, the resistivity of SPS MgFe 2 O 4 showed little dependence on the particle size at . The dotted lines are guides to the eye expected working temperatures above 523 K, indicating success to some degree of phonon selective scattering due to differences in mean-free-paths of electrons and phonons. An oxygen defect-rich sample was also prepared with an induction furnace and SPS, with large reduction of resistivity and Seebeck coefficient. The kink in the temperature dependence of the Seebeck coefficient which is representative of T Curie is sizably reduced, indicating effects from oxygen defects. As a process, the SPS samples are found to exhibit four-to sevenfold enhancement of ZT compared to the conventional SSRS. While the maximum ZT in the present samples is relatively low, taking a value of 0.07 for the SPS 1200°C sintered sample, the processing insights may be utilized for similar systems.
